Group B coxsackieviruses (CVBs) are involved in triggering some cases of type 1 diabetes mellitus (T1DM). However, the molecular mechanism(s) responsible for this remain elusive. Toll-like receptor 3 (TLR3), a receptor that recognizes viral double-stranded RNA, is hypothesized to play a role in virus-induced T1DM, although this hypothesis is yet to be substantiated. The objective of this study was to directly investigate the role of TLR3 in CVB-triggered T1DM in nonobese diabetic (NOD) mice, a mouse model of human T1DM that is widely used to study both spontaneous autoimmune and viral-induced T1DM. As such, we infected female wild-type (TLR3 ϩ/ϩ ) and TLR3 knockout (TLR3 Ϫ/Ϫ ) NOD mice with CVB4 and compared the incidence of diabetes in CVB4-infected mice with that of uninfected counterparts. We also evaluated the islets of uninfected and CVB4-infected wild-type and TLR3 knockout NOD mice by immunohistochemistry and insulitis scoring. TLR3 knockout mice were markedly protected from CVB4-induced diabetes compared with CVB4-infected wild-type mice. CVB4-induced T-lymphocyte-mediated insulitis was also significantly less severe in TLR3 knockout mice compared with wild-type mice. No differences in insulitis were observed between uninfected animals, either wild-type or TLR3 knockout mice. These data demonstrate for the first time that TLR3 is 1) critical for CVB4-induced T1DM, and 2) modulates CVB4-induced insulitis in genetically prone NOD mice. T ype 1 diabetes mellitus (T1DM) is a disorder of glucose metabolism characterized by destruction of insulin secreting ␤-cells of the pancreas and is triggered by both genetic and environmental factors (eg, viruses) (1-29). Considerable evidence suggests that coxsackieviruses (group B coxsackieviruses [CVBs]), in particular, are involved in triggering T1DM in a certain subset of genetically susceptible individuals and animals (22-29), although the molecular mechanism(s) responsible for CVB induction of T1DM in these at risk individuals remains largely unidentified.
T ype 1 diabetes mellitus (T1DM) is a disorder of glucose metabolism characterized by destruction of insulin secreting ␤-cells of the pancreas and is triggered by both genetic and environmental factors (eg, viruses) . Considerable evidence suggests that coxsackieviruses (group B coxsackieviruses [CVBs] ), in particular, are involved in triggering T1DM in a certain subset of genetically susceptible individuals and animals (22) (23) (24) (25) (26) (27) (28) (29) , although the molecular mechanism(s) responsible for CVB induction of T1DM in these at risk individuals remains largely unidentified.
Certain members of a conserved pattern recognition receptor family, the toll-like receptors (TLRs), mediate, in part, the innate immune response to viral infections (30) . Upon binding to their respective ligands, these receptors activate signaling cascades that up-regulate expression of costimulatory and adhesion molecules, chemokines, proinflammatory cytokines, and their receptors (31) . TLRs also bridge the innate and adaptive immune responses by facilitating the maturation of antigen presenting cells, stimulating antibody production in B cells, and down-regulating the activity of regulatory T cells (31, 32) . TLR3 is the only TLR that recognizes both viral double-stranded RNA (dsRNA) and polyinosinic-polycytidylic acid (pIC) (synthetic dsRNA that mimics host responses triggered by viral dsRNA) (30) . Although TLR3 expression has primarily been characterized in leukocytes (33) (34) (35) (36) , it has also been detected and shown to be functional, in various nonimmune cells (37) (38) (39) (40) (41) (42) , including pancreatic ␤-cells (43, 44) . TLR3 has also been implicated in the pathogenesis of a number of autoimmune diseases, including T1DM (43, (45) (46) (47) (48) , multiple sclerosis (reviewed in Ref. 49) , and systemic lupus erythematosus (50, 51) . Recent studies have suggested a possible role for TLR3 in viralinduced T1DM. However, studies linking viruses to T1DM were either associative in nature, performed in cell culture, or used synthetic dsRNA to trigger TLR3 signaling in mouse models with no known genetic risk for developing T1DM (43, (45) (46) (47) (48) . For example, 2 of these studies demonstrated that pIC stimulates activation of autoreactive T cells, TLR3 signaling in pancreatic ␤-cells, ␤-cell destruction, and subsequent diabetes in 2 different mouse models of T1DM (45, 47) . Although these data suggested a role for TLR3 in the development of T1DM, it was insufficient to validate this claim, primarily because the possible contributions by other existing pathways (retinoic acid-inducible gene 1, melanoma differentiationassociated protein 5, protein kinase R) that are stimulated by pIC to this process were not examined (45, 47) . Further, these studies did not address the role that TLR3 plays in environmental induction of T1DM by enterovirus infection in genetically susceptible animals, a model which more closely resembles the human condition.
The nonobese diabetic (NOD) mouse is a widely used model of T1DM, because there is a spontaneous autoimmune component that can be accelerated via environmental induction (7, 25, 26, 28, 52) . Previous studies show that CVBs (ie, CVB3 and CVB4) can trigger T1DM in NOD mice once an age-dependent critical mass of spontaneous insulitis occurs (25, 27, 28) , and these studies have implicated TLR3 in this process (53) . However, in a study that compared the incidence of spontaneous diabetes in TLR3-deficient NOD mice in a sterile environment, there was no difference in the incidence of spontaneous diabetes between TLR3
Ϫ/Ϫ , TLR3
ϩ/Ϫ
, and TLR3 ϩ/ϩ NOD mice despite the reported impairment of pIC-induced immune responses in the TLR3-deficient mice (32) . This suggested TLR3 is not the only requirement for spontaneous autoimmune diabetes in NOD mice (53) . However, neither this study nor previous pIC studies addressed the role that TLR3 possibly plays in the environmental induction of T1DM by enterovirus infection in these genetically susceptible NOD mice. This report provides evidence that TLR3 is important in CVB4-triggered T1DM in NOD mice and offers the first mechanistic insight into its role in this process.
Materials and Methods

Mice, virus, and blood glucose
This work was conducted with approval from the Ohio University Institutional Animal Care and Use Committee in accord with accepted standards of humane animal care.
Eight-week-old female wild-type NOD (The Jackson Laboratory) and TLR3 knockout NOD (53) mice were infected by ip injection with 5 ϫ 10 5 plaque forming units of CVB4 (kindly provided by Dr Roger Loria, Virginia Commonwealth University) (52) . Eight-week-old NOD mice were used in these studies, because the preexisting critical mass of autoreactive T cells in pancreatic islets (ie, critical threshold level of insulitis) is known to be present in NOD mice by 8 weeks of age, and it has been previously shown that inoculation of NOD mice with coxsackieviruses at any age more than or equal to 8 weeks of age rapidly accelerates the onset of T1DM (25) (26) (27) (28) 54) .
The wild-type NOD and TLR3 knockout NOD mice differ only at the TLR3 locus. TLR3
Ϫ/Ϫ B6 mice were backcrossed onto the NOD genetic background for over 10 generations. The purity of the NOD genetic background was examined by PCRbased microsatellite analysis with all known idd markers. There is no known diabetes susceptibility locus on mouse chromosome 8, where the TLR3 gene is located.
Blood glucose measurements were nonfasting and were consistently measured at the same time of day (ie, early morning ϳ8 AM). Diabetes was defined as blood glucose values more than 240 mg/dL on consecutive days and confirmed by glucosuria (Diastix, Bayer). Mice were housed in a sterile/pathogen-free facility. Weight and blood glucose were measured weekly.
The insulitis scoring, assessment of pancreatic viral titers, and histological assessments were conducted as blind studies to prevent bias. To accomplish this, all samples were randomly assigned numbers, and their identities were revealed only after the data were obtained.
Pancreatic viral titers
Whole pancreata were removed from euthanized mice, weighed, placed in sterile PBS, homogenized, frozen and thawed 3 times, and then clarified using low-speed centrifugation. Tenfold serial dilutions of cleared lysates were prepared in PBS from pancreas of animals euthanized 3 and 4 days after infection. Two hundred-microliter aliquots were used to infect confluent HeLa cell monolayers. An overlay of Eagle's MEM (Gibco) containing 1% methylcellulose was added to monolayer and the plates were incubated for 96 hours at 37°C. After 4 days, the overlay was removed and cells were fixed with formaldehyde and stained with crystal violet. Plaques were counted and expressed as the (number of plaque forming units per mL/g of tissue)/dilution factor.
Histology/immunohistochemistry (IHC)
Histological analyses presented in Figure 3 were performed on pancreata frozen in optimal cutting temperature medium (Tissue-Tek). Frozen pancreata were sliced to 10 m and fixed with 95% ethanol at Ϫ20°C for 15 seconds and air dried. The sections were immunostained using a rabbit polyclonal antibody against insulin (Abcam) or a rat monoclonal antibody against cluster of differentiation (CD) 4 (clone RM4 -5; BD Biosciences) or CD8 (clone YTS169.4; Abcam). A rabbit polyclonal IgG and rat monoclonal IgG (Abcam) were used as isotype controls and only the rat control is presented in Figure 3 . Insulin was visualized using the EXPOSE rabbit-specific horseradish peroxidase/ 3,3Ј-diaminobenzidine kit from Abcam. CD4 and CD8 immunostaining was visualized by treating tissue sections after primaryantibody incubation with ImmPRESS Anti-Rat Ig, Mouse adsorbed (peroxidase) Polymer Detection kit (Vector Laboratories) followed by treatment with 3,3Ј-diaminobenzidine substrate/chromogen reagent from the EXPOSE kit (Supplemental Table 1 ). Sections were also counterstained with hematoxylin. Two separate individuals on independent occasions conducted analyses of histological sections, and their assessments were in agreement with one another as reported here.
Insulitis scoring
Pancreata from 10-week-old mice were collected, fixed in formalin, embedded in paraffin, and sectioned. Sections of hematoxylin and eosin stained, and insulin-immunostained pancreas were used for insulitis scoring. Using ImagePro Software (Mediacybernetics), islets were photographed, and total islet area, as well as immune cell-infiltrated islet area, was measured (m 2 ). Percent infiltration was then calculated for each islet by dividing area of islet infiltration by total islet area. Based on percent infiltration, each islet was then assigned an insulitis score as follows: no insulitis (0% infiltration) ϭ 0, low grade (1%-33% infiltration) ϭ 1, moderate (34%-66% infiltration) ϭ 2, and severe (Ͼ66% infiltration) ϭ 3. Average insulitis scores/ group were then calculated and compared. This work was conducted by a single observer.
Statistical analysis
Statistical significance was determined using a log-rank test for data in Figure 1 , independent t tests were used for data in Figure 2 , and a one-way ANOVA followed by a Tukey-Kramer post hoc analysis was used for data in Figure 4 .
Notes on experiments
Multiple studies were conducted to obtain the data presented in this manuscript. First, a large cohort of wild-type NOD mice were purchased from The Jackson Laboratory, randomly divided into appropriate groups, and a single experiment was carried out over 1 16-week period with these wild-type NOD mice. To obtain similar data with the TLR3 knockout NOD mice, the TLR3 knockout NOD mice were bred and raised in a breeding colony at Ohio University and were used in experiments that were staggered as mice became available for use (ie, 8 weeks of age). For these 16-week studies, all animals included in the studies were either followed through until diabetes development (at which time they were euthanized) or were euthanized at 24 weeks of age (ie, experimental termination). Pancreas was collected from any mouse that became diabetic at 10 weeks of age (euthanized at that time) and was used for the insulitis scoring. In a separate experiment, a second cohort of wild-type NOD mice (whose numbers were not included in the survival cohort represented in Figure 1 ) was obtained from The Jackson Laboratory and used in a separate 2-week study to obtain pancreatic tissue for histological analyses of T-lymphocytes in 10-week-old mice. Similarly, TLR3 knockout NOD mice were used in a separate set of staggered experiments to obtain pancreatic tissue for histological analyses of T-lymphocytes at the same age. Although separate studies were conducted for the reasons stated, the incidence of diabetes that developed in each group at 10 weeks of age was consistent with that reported here (ie, we observed consistency in incidence of diabetes between experiments). A third study was conducted to obtain pancreata from virus-infected TLR3 is important for CVB4 induction of T1DM in female NOD mice. A, Incidence of diabetes in CVB4-infected wild-type and TLR3 knockout NOD mice. TLR3 knockout NOD mice were protected from CVB4 induction of T1DM. B, Incidence of diabetes in uninfected wild-type and TLR3 knockout NOD mice. There was no difference in the incidence of spontaneous autoimmune T1DM between TLR3 knockout and wild-type NOD mice. Graphs depict the percentage of mice in each group with diabetes. Statistical significance was determined using a log-rank test. Bars indicate significant differences between groups with P ϭ .01 and P ϭ .02, as indicated.
wild-type and TLR3 knockout NOD mice for evaluation of viral titers.
Results
Diabetes development in female uninfected and CVB4-infected wild-type and TLR3 knockout NOD mice Eight-week-old female wild-type (TLR3 ϩ/ϩ ) and TLR3 knockout (TLR3 Ϫ/Ϫ ) NOD mice were either infected with CVB4 (to study virus-triggered diabetes) or left uninfected (to study spontaneous diabetes), and the incidence of diabetes was assessed. Infection of 8-week-old wild-type NOD mice resulted in a rapid induction of diabetes within the first 2-weeks postvirus infection. Fifty percent of wildtype NOD mice infected with CVB4 were diabetic by 2-weeks postvirus infection, whereas only 13% of infected TLR3 knockout NOD mice were diabetic by this time ( Figure 1A) . None of the uninfected wild-type or TLR3 knockout NOD mice had developed diabetes by 10 weeks of age ( Figure 1B) . After the initial CVB4-induced spike in incidence of diabetes within the first 2 weeks, the incidence of diabetes remained at 50% for 8 weeks in wild-type NOD mice, and then at 19 weeks of age the incidence of diabetes began to slowly rise again ( Figure 1A ). In contrast, the incidence of diabetes postinfection in TLR3 knockout NOD mice continued to rise slowly for an additional 4 weeks, also reaching an 8-week plateau at 6 weeks after infection (14 wks of age) with a CVB4-induced incidence of diabetes of 26% at this time ( Figure 1A ). At 15 weeks after infection (ie, 22 wks of age), the incidence of diabetes began to slowly rise again, at a rate similar to that seen in the wild-type NOD mice ( Figure 1A) . By the end of the 16-week experiment, the incidence of diabetes in CVB4-infected TLR3 knockout NOD mice remained significantly lower than CVB4-infected wild-type NOD mice (35% vs 69%) ( Figure 1A ). The natural onset of diabetes and total incidence of diabetes between the uninfected wild-type NOD and TLR3 knockout NOD mice was not statistically different throughout the duration of the experiments ( Figure 1B) . Interestingly, at the conclusion of the study (16 wks), there was approximately 15% more CVB4-infected wild-type NOD mice that developed diabetes compared with uninfected wild-type controls overall, and there was an apparent decrease in the percentage of CVB4-infected TLR3 knockout NOD mice developing diabetes (ϳ30%) compared with uninfected control mice (ϳ50%). However, these differences were not statistically significant (Figure 1 ).
CVB4 titers in the pancreas of female wild-type and TLR3 knockout NOD mice during the first 14 days after CVB4 infection
To confirm the presence of CVB4 infection of the pancreas, the pancreas was collected from euthanized wildtype and TLR3 knockout NOD mice up to 6 days after CVB4 infection, and virus titers were determined using plaque assays. TLR3 knockout NOD mice had significantly (P ϭ .01) higher pancreatic CVB4 titers than wildtype NOD counterparts at 3 days after infection (Figure 2) . However, these differences were not evident by 4 days after infection, when overall CVB4 titers were negligible (Figure 2 ). CVB4 was undetectable by day 6 after CVB4 infection (data not shown), which is consistent with previous findings (26) .
Insulitis in female uninfected and CVB4-infected wild-type and TLR3 knockout NOD mice
Because a critical threshold, defined by age, and the level of T-lymphocyte infiltration of pancreatic islets (insulitis) are critical for both spontaneous and CVB-induced T1DM in NOD mice (6, 7, (25) (26) (27) (28) , differences in the severity of insulitis in 10-week old uninfected and CVB4-infected wild-type and TLR3 knockout NOD mice were evaluated using IHC. Serial sections of pancreas from mice in all 4 groups were stained for the T-lymphocyte markers CD4 and CD8 and for insulin to identify functional islets, and the T-lymphocyte markers CD4 and CD8. No differences in T-lymphocyte infiltration of islets were apparent in the uninfected wild-type or TLR3 knockout NOD mice (Figure 3, rows A and B, respectively) . However, it was evident that CVB4-infected wild-type NOD islets contained more T-lymphocytes (both CD4 ϩ and CD8 ϩ ) than islets from CVB4-infected TLR3 knockout NOD mice ( Figure 3 , C and D and E and F). It was also apparent that Figure 2 . CVB4 is present in the pancreas of CVB4-infected female wild-type and TLR3 knockout NOD mice. Pancreas was collected from euthanized mice at days 3 and 4 after CVB4 infection, and virus titers were determined. TLR3 knockout NOD mice (n ϭ 3) had significantly (P ϭ .01) more virus than wild-type NOD counterparts (n ϭ 2) at 3 days after infection. This difference was gone by 4 days after infection (n ϭ 2, for each group). Statistical significance was determined using an independent t test. Bar indicates statistical significance between groups with P ϭ .01, as indicated.
islets from CVB4-infected wild-type NOD mice contained more CD4 ϩ and CD8 ϩ T-lymphocytes than islets from age-matched uninfected wild-type and TLR3 knockout NOD mice ( Figure 3 ). As expected, there was also an absence of insulin staining in regions of islets where ␤-cells had been destroyed and replaced by T-lymphocytes (Figure 3 , C and E). Moreover, CVB4 infection also caused widespread exocrine pancreatic damage (ie, pancreatitis) in both wild-type and TLR3 knockout NOD mice ( Figure  3 , compare A and B with C and D).
To quantify islet lymphocytic infiltration in each of these different groups, insulitis scoring was performed. Although there was significant insulitis observed in all groups, there were no significant differences in insulitis scoring between uninfected wild-type and uninfected TLR3 knockout NOD mice ( Figure 4A ). However, insulitis scoring in the CVB4-infected wild-type NOD mice demonstrated severe lymphocytic infiltration of islets compared with uninfected wild-type and uninfected TLR3 knockout NOD mice ( Figure 4A ). Moreover, CVB4-infected wild-type NOD mice demonstrated severe insulitis compared with CVB4-infected TLR3 knockout NOD mice ( Figure 4A ), confirming the IHC findings noted in Figure 3 . The percentage of islets with no insulitis, lowgrade insulitis, moderate insulitis, and severe insulitis for each experimental group is represented in Figure 4B .
Discussion
The purpose of these studies was to assess the role of TLR3 in CVB4-induced T1DM in genetically susceptible NOD Figure 4 . TLR3 is important for CVB4-induced insulitis in female NOD mice. A, Insulitis scoring of pancreatic islets from uninfected and CVB4-infected wild-type (WT) and TLR3 knockout (KO) NOD mice. CVB4-infected TLR3 knockout NOD mice had significantly less severe insulitis than CVB4-infected wild-type NOD mice. Statistical significance was determined using a one-way ANOVA followed by a Tukey-Kramer post hoc analysis. Each bar indicates statistical significance between groups with P Ͻ .01. B, Percentages of islets with no insulitis, lowgrade insulitis, moderate insulitis, and severe insulitis for each experimental group. mice. These data confirm recent findings that TLR3 is not critical for the spontaneous, genetically determined portion of autoimmune diabetes observed in female NOD mice (53) , but do demonstrate that TLR3 is critical for CVB4 (environmental) induction of T1DM. This is confirmed by the data that shows that CVB4 infection of TLR3 knockout NOD mice exhibited a significantly lower incidence of diabetes compared with wild-type CVB4-infected NOD mice. Although the acceleration of T1DM by CVB4 was significantly diminished in the TLR3 knockout compared with wild-type NOD mice, there was a plateau in diabetes development that occurred after the first 2-week period of acceleration, and then there was a subsequent rise in diabetes development that occurred in both wild-type and TLR3 knockout NOD mice by the end of the experiment (11 and 15 wks after infection, respectively). The acceleration of T1DM within the first 2 weeks after infection reflects the acute inflammatory effects of CVB4 infection on the pancreas; the severity was more pronounced in the wild-type NOD mice. The plateau in prevalence of diabetes that follows the 2-week acceleration represents possible recovery from the acute viral insult. The acute inflammation and incidence of T1DM was much lower in the TLR3 knockout NOD mice, reflecting the role of TLR3 in the innate immune response to CVB4 and its role in accelerating the rate of the virus-triggered T1DM. We believe the subsequent rise in T1DM in both wild-type and TLR3 knockout NOD mice after the plateau ( Figure 1A ) reflects the natural progression of the genetically determined portion of ␤-cell destruction in NOD animals, which is suggested by the similar slopes.
Female TLR3 knockout NOD mice had significantly (ϳ5-fold) higher viral titers than female wild-type NOD mice 3 days after CVB4 infection despite being infected with the same amount of CVB4 at 8 weeks of age. Although the virus was nearly completely cleared by both groups by 4 days after CVB4 infection, the exocrine pancreatitis was markedly less, and the incidence of diabetes was significantly less than that seen in wild-type mice. The higher viral titers seen in whole pancreas at day 3 after infection suggests increased susceptibility to viral infection or enhanced viral replication as a result of a delay in the innate immune response in the TLR3 knockout NOD mice due to the lack of a major viral recognition pathway rather than differences in viral clearance (55) . CVB4 infection of pancreatic islets was not specifically evaluated in these studies, but this has been previously reported (6) . Despite approximately 5-fold higher pancreatic CVB4 viral titers, female TLR3 knockout NOD mice were significantly protected from CVB4-triggered T1DM compared with female wild-type NOD mice. Together, these findings suggest that TLR3 signaling pathways are critical mediators of CVB4-triggered T1DM in NOD mice.
Despite the rapid acceleration of diabetes in CVB4-infected wild-type NOD mice, there was only an approximately 15% overall increase in the percentage of mice that developed diabetes compared with noninfected mice at the end of the study period. CVB4-infected TLR3 knockout NOD mice also demonstrated an acceleration of onset of diabetes at 10 weeks. However, despite this acceleration, there was an overall decrease in the percentage of CVB4-infected TLR3 knockout NOD mice developing diabetes (ϳ30%) relative to uninfected controls at termination of this study. Neither of these differences in T1DM prevalence rates at the end of the study was statistically significant. However, it suggests a possible protective effect. Regardless of the lack of statistical significance for the decrease in overall conversion of CVB4-infected TLR3 knockout mice to T1DM, the data point to a protective role for the combination of TLR3 knockout and CVB4 infection. It has been previously hypothesized that immunity to viral infection might be under the control of regulatory mechanisms that would confer protection from T1DM, in the absence of extensive damage to ␤-cells (56) . Specifically, it has been shown that when NOD mice are infected with strains of viruses that prevent rather than trigger T1DM in NOD mice, 2 distinct control mechanisms are induced during immunity to these viruses and that they operate synergistically to efficiently block the autoimmune process leading to T1DM (56) . These 2 mechanisms are up-regulation of programmed cell death-1 ligand 1 and enhancement of CD4 ϩ CD25 ϩ
Foxp3
ϩ T-regs (ie, "protective" T-regulatory lymphocytes that function to suppress CD8 ϩ effector T-cell proliferation) that produce TGF-␤ (56).
Thus, the protective effect of the combination of TLR3 knockout and CVB4 infection observed in this study might be explained by an up-regulation of programmed cell death-1 ligand 1 and/or enhancement of CD4
This explanation is at least partially supported by the observation that CVB4-infected TLR3 knockout NOD mice in this study had significantly less severe insulitis at 2 weeks after CVB4 infection, which indicates that there is indeed less ␤-cell damage occurring in the pancreas of CVB4-infected TLR3 knockout NOD mice. It is unclear at this time whether there are a larger proportion of CD4 ϩ CD25 ϩ Foxp3 ϩ T-regs in the pancreas of the CVB4-infected TLR3 knockout NOD mice. However, this will be one of the foci of our future studies. The presence of both CD8 ϩ and CD4 ϩ T-lymphocytes in the islets of NOD mice has been well documented (57) (58) (59) (60) (61) , and it is known that both CD4 ϩ and CD8 ϩ T-lymphocytes play a critical role in the development of autoimmune diabetes in NOD mice (reviewed in Ref. 58) . IHC staining of pancreas from 10-week-old CVB4-infected wild-type and TLR3 knockout NOD mice with antibodies specific for the T-lymphocyte markers CD4 and CD8, as well as insulin, revealed that CVB4-infected TLR3 knockout NOD mice had fewer T-lymphocytes infiltrating pancreatic islets than similarly infected wild-type NOD mice. This observation was confirmed by insulitis scoring. These findings suggest that TLR3 is important in CVB4-induced insulitis in NOD mice. In support of this notion is the observation that there were a greater number of insulinproducing ␤-cells remaining in the islets of CVB4-infected TLR3 knockout mice compared with age-matched CVB4-infected wild-type mice that coincided with fewer T-lymphocytes in TLR3 knockout mice. Thus, the decreased incidence of T1DM in the TLR3 knockout NOD mice may well be due to the decreased number of T-lymphocytes migrating into islets after viral infection where their presence is correlated with ␤-cell destruction. The fact that CVB4-induced T-lymphocyte invasion of the pancreatic islets is largely absent in TLR3-knockout NOD mice also raises new questions and sets the groundwork for future studies aimed at determining exactly how TLR3 is involved in this process. For example, although it is not yet clear why there are fewer T-lymphocytes infiltrating islets in TLR3 knockout NOD mice, a dramatic shift in the important cytokine/chemokine profile (eg, cytokines such as interferon ␥ and IL-4) (26) in the pancreatic microenvironment in the absence of TLR3 signaling may be responsible for these observations. It will be important in future studies to evaluate the pancreatic cytokine/chemokine profile and to characterize the T-helper lymphocyte population in TLR3 knockout NOD mice to evaluate the presence or absence of T-regs (ie, Foxp3 ϩ /CD4 ϩ /CD25 ϩ cells) (62) (63) (64) , because these correlations may be of significance.
In agreement with previous reports, we also observed wide-spread pancreatitis after CVB4 infection in female wild-type NOD mice (25, 26) . However, this is the first report demonstrating that there is a similar CVB4-induced pancreatitis in TLR3 knockout NOD mice. It has been suggested that the inflammatory mediators produced in response to the CVB4 infection of the exocrine pancreas may provide an "innocent by-stander activation" effect that accelerates diabetes development in NOD mice if infection occurs after a time when a critical threshold level of insulitis exists and adequate numbers of ␤-cell autoreactive T-lymphocytes are present (26) . The fact that TLR3 knockout NOD mice have similar levels of pancreatitis as that observed in wild-type NOD mice, yet the acceleration of T1DM by CVB4 was significantly diminished in the TLR3 knockout compared with wild-type NOD mice, suggests that TLR3 may be involved in the innocent bystander activation effect that accelerates diabetes development in NOD mice. Otherwise stated, these findings suggest that CVB4 infection of the exocrine pancreas of wild-type NOD mice, and subsequent activation of TLR3 signaling, may enhance T-lymphocyte-mediated insulitis, ␤-cell destruction, and onset of diabetes. Although the exact nature of how TLR3 signaling is involved in these processes is not yet known, these findings lay the foundation for future studies to more definitively delineate the role of TLR3 in the pathogenesis of viral-induced T1DM.
Together, these data indicate that TLR3 is an important mediator of the CVB4 induction of T1DM observed in the NOD mouse model and provides new evidence for its role in the environmental induction/acceleration of this process. This conclusion is further supported by our previous report that a novel TLR3 pathway inhibitor developed in our laboratory (phenylmethimazole or compound 10) can also block CVB4-triggered T1DM in female NOD mice but has no effect on the genetically determined portion of T1DM pathogenesis in NOD mice (65) . Although these studies have established the importance of TLR3 in viral induction of T1DM in NOD mice, because of the limitations of our data, the exact role of TLR3 in mediating the immune response leading to diabetes in CVB4-infected NOD mice is not yet known, and as a consequence, it is not clear if this is a direct affect or a result of changes in pathways distinct from TLR3 that are secondarily modified during the development of the mice with chronic TLR3 deficiency. As such, our future studies will be aimed at identifying the exact role(s) that TLR3 plays in this process.
These findings suggest that CVB4 activation of TLR3 signaling may contribute to the viral induction of T1DM reported in humans and that inhibition of the TLR3 signaling pathways may be a useful target for the prevention of T1DM in subsets of individuals at risk for viral-induced T1DM. Furthermore, inhibition of TLR3 signaling pathways could suppress islet inflammation and help protect and/or salvage ␤-cells in patients with recent onset virusrelated T1DM. Some of the major hurdles to overcome for this type of TLR-specific therapy will be to identify those genotypes at risk for the viral induction of T1DM and also be able to detect viral-induced onset of disease early enough to intervene. However, we have identified at least 1 of the critical molecular pathways that mediate viral induction of T1DM in genetically susceptible animals.
